We describe a simple imaging technique that enables a three-dimensional inspection of the angular intensity distribution of a light-emitting diode (LED) over a significant part of the hemisphere. The measurement set-up is very simple: it consists of only a charge-coupled device (CCD) camera and a flat diffuse translucent screen. An LED illuminates the screen, and the CCD camera records one image from the back. The visualization algorithm takes into account the cosine-fourth law, vignetting and screen transmittance to render the far-field radiation pattern from the recorded image.
Introduction
Light-emitting diodes (LEDs) come in many varieties and with a wide range of angular intensity distributions [1] . Therefore, characterizing their radiation pattern is important for many applications [1] [2] [3] [4] . However, the highly divergent emission of these sources makes a three-dimensional (3D) characterization a challenging task. There are several commercial systems for measuring the optical characteristics of LEDs available on the market, but these are expensive.
Recently, Burmen et al reported an alternative, fast and low-cost method for 3D visual inspection [2, 3] . The simplicity of their technique makes it a useful monitoring tool for researchers who build their own measurement systems. This is an imaging method, in which the light emitted by the LED strikes a flat diffuse 'reflective' surface, which enables a visualization of the 3D intensity profile within a few seconds. A CCD camera images the illumination pattern at a single shot in the camera's image sensor, and a simple image processing reconstructs the 3D angular intensity profile of the LED. The method is simple and can be easily implemented. However, the experimental set-up and the rendering algorithm are limited to narrow-beam LEDs. In this paper, we improve this method in order to visualize wide radiation patterns. The experimental set-up and the rendering algorithm are accordingly modified. The measuring system consists of only a CCD camera and a Lambertian translucent diffuse screen (figure 1). Light from an LED strikes the screen's front surface, and then a CCD camera images the illuminated screen. To accurately render the 3D intensity pattern from a single image, the CCD camera and screen parameters that affect the value of each pixel of the image are taken into account.
First, in section 2, we briefly review the typical techniques. In section 3, we define the radiometric or photometric variables that we use, and in section 4, we analyze the optical parameters that determine the relationship between the angular intensity distribution of the LED and the image recorded by the CCD camera. Section 5 explains the method for rendering the 3D radiation pattern. Sections 6 and 7 describe the measurement of the two calibration functions of the system. Finally, an example is given in section 8.
Related techniques
Depending on the application, the 3D radiation pattern may be characterized in different ways. In this section, we briefly describe three basic techniques.
The 3D gonioradiometer is the conventional measuring method, it requires scanning a detector on a sphere centered on the LED [4] . Each detector measurement on the hemisphere is then described by its polar coordinates and the flux collected at that point. This can be performed by holding the LED stationary and moving the detector, or by holding the detector stationary and rotating the LED [5, 6] . In this configuration, both the spectral and colorimetric angular distribution of the LED can be measured by replacing the detector by a spectrometer head [7] . The complete hemisphere is slowly measured with very high precision by using a controlled motorized goniometer. Therefore, the 3D gonioradiometer is used in applications where measurement accuracy is the major concern, and measurement speed is of secondary importance.
Several applications require a rapid visual inspection of the 3D radiation pattern, while the measurement accuracy is of secondary importance [2, 3, 8] . An imaging method is well suited for this goal because the light emitted by the LED strikes a diffuse surface, and only one image of the illuminated screen is recorded and processed to render the 3D angular profile. Since all the information is stored in a single image, no rotation of a measuring detector or LED unit is required. The image can be captured at a single shot by using a CCD camera [2, 3] or by using a flatbed scanner [8] . In this paper, we improve the imaging method of Burmen et al in order to visualize wide radiation patterns. However, our rendering algorithm can not only be used in Burmen's method but also in the scanning method [8] .
In other applications, both speed and accuracy are major concerns. In these situations, the imaging sphere (a commercial instrument) may be the best option [9] . In this device, the light emitted by the LED enters through a small centered aperture and strikes the inner surface of a coated, diffuse, low-reflectivity hemisphere. A special optical system images the entire inner surface of the hemisphere in the camera's image sensor, and the instrument software reconstructs the angular intensity profile of the LED. This system avoids some measurement problems associated with common goniometric sequential methods such as timeconsuming measurements and the dynamic variation of radiant flux (due to changes in temperature and electric current). The imaging sphere, as well as Burmen's method, also is an imaging technique, but the diffuse screen is spherical instead of flat. The hemispherical illumination distribution is mapped onto the flat surface of the CCD sensor. Therefore, the rendering algorithm is quite different. Like any commercial device, the imaging sphere system is quite optimized and then the measurement accuracy is good for precise characterization of the 3D radiation pattern. Although the imaging sphere is less accurate but much faster than the 3D gonioradiometer, the imaging sphere may be the best option in applications where both speed and accuracy are major concerns. However, cost is almost always an issue, so then the imaging methods described here and those in [2, 3, 8] are appropriate if the application requirements are met.
Preliminaries
The radiation pattern in a far field is characterized by the angular intensity distribution. Radiant (or luminous) intensity is the radiant (or luminous) flux per solid angle (W sr −1 or lm sr −1 ) in a given direction from the source. It is the radiometric standard used to rate spatial variation of LEDs. However, the power distribution that illuminates the screen is described by the irradiance. Irradiance (or illuminance) is the radiant (or luminous) flux incident on a surface per unit area (W m −2 or lm m −2 ). The relative intensity I as a function of the relative irradiance E, produced by a light source over a plane xy at a distance d, can be simply expressed by [1, 3] 
where x = d sin θ cos φ and y = d sin θ sin φ. Here θ is the polar angle, and φ is the azimuthal angle in a coordinate system centered on the light source (figure 2). The radiation incident on the screen is not equal to the radiation leaving it. For this, there is another radiometric quantity, the emittance or exitance, which is the radiant (or In what follows, we use intensity, irradiance and emittance as normalized radiometric quantities. Therefore, all of them have arbitrary units instead of watts or lumens. In addition, in image processing, it is common to define brightness as a measure of the visible light intensity of the recorded image, and this is quantified by the spatial distribution of gray levels across the image. We use this definition of brightness in the following analysis.
Radiometric image formation process
The LED emits radiation with an angular intensity distribution given by I(θ , φ). This light illuminates the screen, and a CCD camera records an image (represented by IMAGE) of the illumination distribution. The radiometric process of image formation is depicted in figure 3 .
The screen is illuminated on its back surface by the LED. Therefore, the emittance distribution Ms over the front side of the screen is not equal to the source irradiance distribution E on the back. The relationship between Ms and E is given by the bidirectional transmission distribution function BDTF(α i , β i , α t , β t ), which describes transmitted light intensities in the polar and azimuthal angles (α t , β t ) for a given set of illumination angles (α i , β i ). Using a uniform Lambertian diffuse screen, the effective relationship between Ms and E is only a function of θ , i.e.
• , the T(θ ) function of a good diffuser is nearly constant, but for larger angles a considerable change occurs. Even if the screen is not Lambertian, the change in the transmitted light pattern only affects the cosine-fourth law of the CCD camera, and again the effect is a variation only with θ . A similar behavior occurs in a reflective screen.
After passing light through the camera lens, the irradiance falling on the image plane is Eccd. Several optical factors cause a fall in the image irradiance away from the image center. The primary sources of this spatial nonuniformity are vignetting and the cosine-fourth law [10] [11] [12] . Any lens system shows this position-dependent loss of light in the output. Therefore, the relative irradiance Eccd is different from the relative emittance of the screen Ms. This falloff in irradiance for off-axis points is given by Eccd = VG C4 Ms. Vignetting VG and cosine-fourth law C4 are functions of the distance of the image point from the image center [10] [11] [12] . For example, in a simple thin lens C4 = cos 4 ψ, where ψ is the angle that a ray makes with the optical axis. This angular variation is in fact a function of the angle θ subtended on the LED position, i.e. ψ(θ )
In most CCD cameras, the dynamic range of the image and that of the irradiance falling on the CCD plane are not the same [10, 13, 14] . In general, there is a nonlinear mapping from the CCD irradiance to the brightness of the recorded image. This nonlinear relationship is given by a radiometric response function f , i.e. IMAGE = f (Eccd) [10, 13, 14] .
Radiation pattern rendering
In order to calculate the angular intensity distribution I(θ , φ) from a CCD image (i.e. IMAGE ij → I(θ ij , φ ij ), where (i, j ) is the pixel position) inverse functions must be applied to the recorded image ( figure 3) . We inverted the radiometric image formation process by using two functions: the inverse gamma or linearization function F, i.e. Eccd ij = F(IMAGE ij ) [10, 13, 14] , and the angular function A(θ ), i.e. I(θ ij , φ ij ) = A(θ ij ) Eccd ij . We view the A(θ ) function as a whole that includes all the angular effects described in section 4. Rather than modeling these angular effects separately, we measure the overall effect (section 7).
We summarize the relationship between the angular intensity distribution of the LED and the recorded image by
where the function A(θ ) is
Here the spherical coordinates are
where d is the screen-LED distance. The parameters m H = H/H s and m V = V/V s are the camera magnification in the horizontal and vertical directions, respectively. Here the recorded image size in pixels is H × V, and H s × V s is the size of the portion of the screen that is recorded in the image. Therefore, the magnification can be easily measured for the selected camera lens. Magnification m H can be a little different from m V due to an imperfect correlation between the pixel geometry and the scanning-transferring process of the camera. Burmen et al considered that the relative irradiance over the illuminated screen is equal to the relative irradiance on the CCD image plane. However, the cosine-fourth law, vignetting and screen reflectance make the irradiance distribution in the image plane different from the irradiance incident on the screen. Burmen et al obtained excellent measurements for LEDs with a narrow-beam distribution (θ 1/2 ≈ 9
• ) because the function A(θ ) is almost equal to cos −3 θ for small θ angles (see section 7). However, many modern high-power LEDs come with wide spatial radiation distributions.
In order to take into account all mentioned optical effects in A(θ ), we measure and fit the A(θ ) function of the system. Therefore, the system characteristics are stored in fitted functions A(θ ) and F to easily and rapidly process the image for obtaining the 3D radiation. We used a nine-order polynomial fit, but the processing speed could be increased by nonlinear fitting [1, 12, 15] . The methodology for obtaining A(θ ) and F is analyzed in the following two sections.
Linearization function F
The linearization function F of the brightness responsivity of the CCD camera is essential for the effective visualization of I(θ , φ). This function is a correlation of the CCD camera average readings to the input radiation. The function F can be easily measured by imaging a calibration gray chart [13] . We used the method described in [13] , but by tuning the power with a stepped neutral density filter. However, a more sophisticated method could be used [10] .
Because image gray levels considerably decrease for large angles θ , the measurement must be precisely performed for low gray levels. We eliminated the effect of dark current response by subtracting a dark image from the measurements [3] . The measured transformation function F is plotted in figure 4 , and the inset shows the measurement set-up. The measurements covered the full dynamic range of the camera within the allowable gray-scale range of 0-255 so that the camera saturation set the upper limit.
Most CCD cameras come equipped with several features that enable an easy set-up and adjustment. Among these features are the adjustment of gamma, exposure time and gain. In order to avoid a CCD responsivity variation, the exposure time and gain must be kept constant. The gamma feature determines the relationship between the target irradiance and the image signal. The square-root gamma mode (γ = 0.45) enables the capture of a useful, unsaturated dynamic range that is twice as large as that of the linear gamma mode [13, 14] . To make brightness variations at low inputs more noticeable, the 0.45 gamma mode was used instead of the linear gamma mode. For the square-root gamma mode, the image brightness readings and the image irradiance should be related through a 0.45 power function, i.e., F = (IMAGE/255) 2.22 . However, in practice, this relationship can be different. This is particularly important at low gray levels, because the relative error can be large (figure 4).
Angular function A(θ)
The relationship between the relative irradiance distribution Eccd on the camera image plane and the angular intensity distribution I of the LED is given by A, which is a function of only the polar angle due to the system symmetry around the optical axis.
To calibrate the system, we calculate A(θ ) from equation (2) . This calculation requires fitting of some measured data (see figure 5 ). The calculation begins by measuring the 1D angular intensity distribution of an LED with a smooth and wide radiation pattern. For simplicity, it can be performed along the x-direction by slowly scanning a detector on a circle centered on the LED (1D gonioradiometric measurement), i.e. I(θ ) = I(θ , 0). After this, a function for I(θ ) must be fitted [1, 15] .
In addition, the calculation requires getting Eccd or F(IMAGE) for the same LED. For this purpose, the scanning detector must be removed and replaced with the diffuse screen. With the screen in front of the LED, an image of the illumination pattern must be recorded. It is important to align the camera optical axis with the rotation center (θ = 0
• ). A CCD image is prone to a variety of types of noise [3, 10, 13] . Before applying F to IMAGE, it is convenient to reduce noise in the recorded image due to the CCD sensor. First, we eliminated the dark current [3] . After that, we applied a median filtering with a small kernel of size 5 × 5 in order to remove salt and pepper noise due to the dead (saturated or dark) pixels in the CCD. After applying the F function, we reduced noise due to the screen imperfections. The screen texture is a source of noise similar to that of grain noise in photographs made on film. Because each pixel gets set to the average of the pixels in the neighborhood, local variations caused by texture noise can be removed with an averaging filter. We used a rotationally symmetric Gaussian low-pass filter of cell size 7 × 7 pixels (correlation kernel), with a standard deviation σ = 3. This 2D filter returns a smooth image. After this image filtering, a line of pixels along the x-direction must be extracted from Eccd, i.e. Eccd i,V /2 . figure 5 shows the function of the system. For the system we used, the A(θ ) function becomes different from cos −3 θ for θ angles larger than 20
• . For angles larger than 36
• , the difference is larger than 30%. However, this discrepancy may be larger if the camera has a wide-angle lens, i.e., such a lens increases vignetting but makes the system more compact.
Measuring system operation
The camera that we used has a 640 × 480 image size for normal capturing mode, and a 1/3 inch format CCD sensor. The camera magnification factors are m H = 17.02 and m V = 17.266. This camera is monochromatic and supplies grayscale images. However, a 3-CCD color camera can be used to implement colorimetric characterizations such as those developed by Burmen et al.
We use a commercially available screen (36 × 28 cm) that diffuses light evenly with a near Lambertian transmission [16] . In order to measure a significant section of the hemisphere, we placed the screen at a short distance d = 5 cm from the LED. This distance is far enough, because in most cases the far field of an LED began at a short distance [1, 17] .
In order to keep A as a function of only the polar angle θ , the measuring system must be symmetric around the optical axis. Therefore, an optical alignment between the LED, screen and the camera optical axis must be performed. The optical axis of the camera must point to the LED tip, and the screen must lie in a plane perpendicular to the optical axis of the camera.
In addition, because the A function depends on several parameters, the experimental set-up must be kept to ensure the repeatability of measurement. In particular, the distances d and d CCD must be the same for all measurements, and also the screen and camera must be kept the same.
A 3D graph of the radiation pattern I(θ , φ) can be plotted in polar coordinates in several different ways. We used a parametric plot, which specifies three functions in the x, y and z coordinates. It is a simultaneous plot of three coordinates Ix, Iy and Iz:
Here θ ij and φ ij are given by equations (4) and (5), respectively, and then the coordinates of equation (6) are in fact matrices as a function of the pixel position (i, j ), where i = 1, 2, . . . , H and j = 1, 2, . . . , V.
Figure 6 (top) shows the 3D radiation patterns of two different LEDs. These angular intensity distributions are measured and visualized with our technique, i.e. by using equations (2), (4)- (6) . We processed the CCD images with the F and A functions shown in figures 4 and 5. In order to evaluate the performance of the imaging method, the measurements were compared with those obtained by a 1D gonioradiometer. By a visual inspection of figure 6 (center), it seems to be a good match between the curves. Figure 6 (bottom) shows a quantitative comparison by plotting the difference between these two 1D measurements as a function of angle. The average of |δ| (within an angular range of ±60
• ) is 0.68% for LED 1 and 2.66% for LED 2. In the case of LED 1, the maximum difference δ is −3.8%. For LED 2, the maximum difference δ is −9.2% within an angular range of −56
• to 52
• . We explain this limitation of the field of view by noting that the image brightness is very low outside this angular range. Therefore, the Eccd falls in the critical region (see figure 4) of the F function. This leads us to believe that the field of view can be increased by increasing the accuracy of the F measurement at low gray levels.
A precise measurement technique achieves a maximum difference δ of ∼ ±2% [9] . Therefore, as seen in figure 6 (center and bottom), the measuring accuracy of our method is excellent for visual inspection in several applications; for example, for monitoring fast events or for inspecting the radiation profile of a new LED made in the laboratory. Furthermore, there is room for further improvement of the measuring accuracy, for example: (a) by using a better CCD camera (low noise, pixel uniformity, etc); (b) by performing a more accurate measurement of F for low gray levels; (c) by removing second-order effects due to multiple reflections inside the screen and the optical system; and (d) by using a better screen.
Conclusions
We described a simple method for rapid visualization of the angular intensity distribution of an LED over a wide section of the hemisphere. The technique is based in the imaging method of Burmen et al [2, 3] . In order to visualize wideangle radiation patterns, we improved the experimental set-up and the rendering algorithm. The measuring system is very simple, it only consists of a CCD camera and a translucent diffuse screen. Light from an LED strikes the screen, and a CCD camera images the illuminated screen. The rendering algorithm takes into account the cosine-fourth law, vignetting and screen transmittance to reconstruct the 3D radiation pattern from the recorded image. The measuring accuracy is good enough for visual inspection. However, the simplicity of the technique makes it easy to understand, apply and perhaps improve.
